A hypothetical dark energy component may have an equation of state that is different from a cosmological constant and possibly even changing in time. The spacing of the cosmic microwave background peaks is sensitive to the ratio of the horizon sizes today and at last scattering and therefore to the details of the cosmological evolution. We propose that it should in many cases be possible to discriminate between dark energy models with a different equation of state. In particular, accurate measurement of the spacing of the peaks could distinguish a cosmological constant from quintessence.
Introduction
The idea of quintessence was born [1] from an attempt to understand the vanishing of the cosmological constant. It was proposed that the cosmological evolution of a scalar field may naturally lead to an observable, homogeneous dark energy component today. This contrasts with the extreme fine-tuning needed in order for a cosmological constant to become significant just at recent times. If quintessence constitutes a major part of the energy density of the Universe today, say Ω φ > 0.5, structure formation tells us that this cannot always have been so in the past [2, 3] . Combining the phenomenology of a large quintessence component with the quest for naturalness [4] leads to cosmologies with an equation of state for quintessence changing in time, compatible with a universe accelerating today. In several aspects of phenomenology the models with a dynamical dark matter component resemble the cosmology with a cosmological constant [5] . It is therefore crucial to find possible observations which allow us to discriminate between the dynamical quintessence models and a constant dark energy theory (i.e. a cosmological constant). The detailed structure of the anisotropies in the cosmic microwave background radiation (CMB) depends upon two epochs in cosmology: around the emission of the radiation (last scattering) and today. The CMB may therefore serve as a test to distinguish models where quintessence played a role at the time of last scattering from those where it was insignificant at this epoch. It may also reveal details of the equation of state of quintessence (characterised by w = p φ /ρ φ ) in the present epoch.
The calculation of CMB spectra is, in general, an elaborate task [6, 7] . However, the location of the peaks and, for our purpose, the spacing between the peaks can be estimated with much less detailed knowledge if adiabatic initial conditions are assumed. The oscillations of the primeval plasma before decoupling lead to pronounced peaks in the dependence of the averaged anisotropies on the length scale. When projected onto the sky today, the spacing between the peaks at different angular momentum l are given, to a good approximation, by the simple formula [7, 8] 
Here τ 0 and τ ls are the conformal time today and at last scattering (half of the particle horizons) and τ = dt a −1 (t), with cosmological scale factor a. The sound horizon at last scattering s is related to τ ls by s =c s τ ls , where the average sound speed before last scatteringc s ≡ τ −1 ls
, with ρ b /ρ r the ratio of baryon to photon energy density.
The equation of state of a hypothetical dark energy component influences the expansion rate of the Universe and thus the locations of the CMB peaks [3, 9, 10, 11] . In particular the horizons at last scattering and today are modified, leaving an imprint in the spacing of the peaks. The influence of dark energy on the present horizon and therefore on the CMB has been discussed in [12] . A likelihood analysis on combined CMB, large scale structure and supernovae data [13, 14] can also give limits on the equation of state.
We present here a quantitative discussion of the mechanisms which determine the spreading of the peaks. A simple analytic formula permits us to relate ∆l directly to three . We compare our estimate with an explicit numerical solution of the relevant cosmological equations using CMB-FAST [6] . For a given model of quintessence the computation of the relevant parameters Ω φ 0 , w 0 and Ω φ ls requires the solution of the background equations. Our main conclusion is that future high-precision measurements of the location of the CMB-peaks can discriminate between different models of dark energy. In particular, models with Ω φ ls > 0 lead to conclusions differing from [5] in this respect.
CMB Peaks in Quintessence Models
We wish first to illustrate the impact of different dark energy models on the fluctuation spectrum of the CMB by comparing three examples. The first corresponds to a 'leaping kinetic term quintessence' [4] (A), the second to 'inverse power-law quintessence' [2] (B) and the third to a cosmological constant (C). The three examples, whose parameters are chosen such that Ω φ 0 = 0.6 for each, give similar predictions for many aspects of cosmological observation (we assume everywhere a flat universe Ω total = 1). Details of the models can be found below in Section 4. We solve the cosmology using CMB- Table 1 : Location of the first two CMB peaks l 1 , l 2 for several models of dark energy. We also show the analytic (from Equation (2)) and numerical (from CMB-FAST) average spacing of the peaks.
FAST for a flat initial spectrum with parameters specified in Table 3 . 
with
and today's radiation component Ω r 0 = 9.89 × 10 −5 , a −1 ls = 1100 and c s = 0.52. In Table 2 we evaluate Equation (2) for quintessence models with various parameters, together with the locations l 1 , l 2 of the first two peaks computed by CMB-FAST. The last entry contains the peak spacing averaged over 6 peaks for the numerical solution. This demonstrates that an accurate measurement of the peak spacing ∆l is a powerful tool for the discrimination between different dark matter models!
Analytic Estimate of Peak Spacing
We derive next the formula (2). Our first task is to estimate the sound horizon at decoupling. We assume that the fraction of quintessential energy Ω φ (τ ) does not change rapidly for a considerable period before decoupling and define an effective average Ω φ ls ≡ τ −1 ls
We note that this average is dominated for τ near τ ls whereas very early cosmology is irrelevant. Approximating Ω φ by the constant average Ω φ ls for the period around last scattering, the Friedmann equation for a flat universe reads
Here MP = (8πG N ) (−1/2) is the reduced Planck mass, H(t) is the Hubble parameter and ρ m 0 and ρ r 0 are the matter and relativistic (photons and 3 species of neutrinos) energy densities today.
Today, neglecting radiation, we have 3M
, which we insert in Equation (4) to obtain da dτ
where we have changed from coordinate time t to conformal time τ . Separating the variables and integrating gives τ ls = 2H
which is well known for vanishing Ω φ ls . For fixed H 0 , Ω φ 0 , Ω r 0 and a ls (see Table 3 for the values used in this paper), we see that τ ls = τ is the last scattering horizon for a Λ-CDM universe (which we treat here to be just a special realisation of dark energy with w = −1). To estimate the sound horizon, we also need c s , which may be obtained numerically and in our model universe is 0.52.
Turning to the horizon today, we mimic the steps of above, this time assuming some equation of state p φ (t) = w(t)ρ φ (t) for quintessence.
We define an averaged value w 0 by
It is Ω φ -weighted, reflecting the fact that the equation of state of the dark energy component is more significant if the dark energy constitutes a higher proportion of the total energy of the Universe (see Figure 2 ).
In the limiting case that the equation of state did not change during the recent history of the Universe, the average is of course equal to w today. Nevertheless, the difference between the average w 0 and today's value w 0 can be substantial for certain models, as can be seen from Table 2 .
Integrating the cosmological equation with constant w 0 da dτ
gives
with F given by Equation (3). Substituting Equations (6) and (9) into Equation (1), we obtain the final result (2).
The integral F of Equation (3) can be solved analytically for special values of w 0 , e.g.
Since the integral (3) is dominated by a close to one (typically w 0 ≤ 0) only the present epoch matters, consistent with the averaging procedure (7) . From this we regain on inserting in Equation (9) the trivial result that the age of the Universe is the same for a cold dark matter and a pressureless dark energy universe. We plot F (Ω For Ω φ 0 < ∼ 0.6, Equation (2) to good approximation (better than one percent) can be written
The precision of our analytic estimate for ∆l can be inferred from Table 1 . Similarly, we show in Table 2 the accuracy of the estimates of τ ls (6) and τ 0 (9) by comparison with the numerical solution. This demonstrates that our averaging prescriptions are indeed meaningful. We conclude that the influence of a wide class of different quintessence models (beyond the ones discussed here explicitly) on the spreading of the CMB-peaks can be characterised by the three quantities Ω 
Specific Quintessence Models
Different models of quintessence may be characterised by the potential V (φ) and the kinetic term of the scalar 'cosmon'-field φ
For practical purposes, a variable transformation allows us to work either with a standard kinetic term k(φ) = 1 or a standard potential, i.e.V (φ) = M 4 P exp(−φ/MP ). A cosmological constant corresponds to the limit V (φ) = λ, k(φ) = 0. It is also mimicked by k(φ) → ∞. We consider four types of model.
A.
A 'leaping kinetic term' model [4] , with
and kinetic term
We have taken k min = 0.05, 0.1, 0.2 and 0.26 and φ 1 is adjusted to ≈ 277 in order to obtain Ω φ 0 = 0.6. The value of Ω φ ls is determined by these parameters.
B. An inverse power law potential [2] , with k(φ) = 1 and
We have chosen α = 6, 22 and 40, and A adjusted such that Ω 
D.
The original exponential potential [1, 17] , with k(φ) = 1 and
where α = 3/2Ω φ 0 .
For the models (A) and (D), quintessence is not negligible at last scattering. The pure exponential potential requires Ω φ 0 ≤ 0.2 for consistency with nucleosynthesis and structure formation. It does not lead to a presently accelerating universe. We quote results for Ω Table 2 : Horizons in Mpc at last scattering and today for various kinds of quintessence. The cosmological parameters used can be read off of Table 3 . . Hence, when combining bounds on Ω φ 0 and w 0 from the structure of the Universe, supernovae redshifts and other sources with CMB data, the amount of dark energy in a redshift range of z ∼ 10 5 to last scattering z ∼ 1100 may be determined.
From Figure 2 , we see that the averaged equation of state of the quintessence field for the present epoch is, in principle, a very influential quantity in determining the spreading of the peaks. Since combined large scale structure, supernovae and CMB analysis in [14] suggest w 0 < ∼ − 0.7, the difference between a cosmological constant and quintessence may be hard to spot if Ω φ ls is negligible. However, even with the data currently available, the first peak is determined to be at l = 212 ± 7 [14] . Once the third and fourth peak have been measured, the measurement of the spacing between the peaks becomes an averaging process with high precision. We can then hope to distinguish between different scenarios. 
Conclusions
When the location of the third (and later the fourth) peak is accurately measured, we can hope to be able to discriminate between a pure cosmological constant and a form of dark energy that has a non-trivial equation of state -possibly, and most likely, changing in time. The exact spacing will be determined by solving the cosmological background evolution which is an easy task for a given model. Thus stringent bounds on Ω φ before last scattering and for its late time behaviour may be found.
The influence of quintessence on the spacing between the CMB peaks is determined by three quantities: Ω φ 0 , w 0 and Ω φ ls . One may forsee a scenario where Ω φ 0 and w 0 are measured by independent observations such as supernovae redshifts and a determination of the inhomogeneous part of the dark matter taking part in the formation of structure. The peak spacing will then serve as a measurement of the influence of quintessence at a range of redshifts between z = 1100 and z = 10 5 (this is parametrised by Ω φ ls ). Together with bounds on Ω φ for the period of structure formation (5 < ∼ z < ∼ 10 4 ) and the bound Ω φ BBN < 0.2 from big bang nucleosynthesis [1, 17, 18] (z ∼ 10 9 ) we will post a few milestones in our attempt to trace the cosmological history of quintessence. baryon Ω today 0.05 c s τ -averaged sound speed until last scattering 0.52 n spectral index of initial perturbations 1 Table 3 : Symbols, their meanings and numerical values used in this paper.
